Numerous studies implicate miR-146a as pleiotropic regulator of carcinogenesis; however, its roles in carcinogenesis are not fully understood. A clue from expression analyses of miR-146a-5p in all 13 oral squamous cell carcinoma (OSCC) cell lines examined and in OSCC tissues, whole blood and whole saliva of OSCC patients in vivo revealed that miR-146a-5p expression was highly upregulated. Particularly, we widened the view of its upregulation in saliva, implicating that high miR-146a-5p expression is not only correlated closely to the development of human oral cancer, but also to a possible candidate as a diagnostic marker of OSCC. Indeed, further examination showed that exogenous miR-146a-5p expression showed pleiotropic effects on cell proliferation and apoptosis which were partially based on the contextual responses of activation of JNK, downstream of TRAF6 that was targeted by miR-146a-5p in normal human keratinocytes and OSCC cell lines. TRAF6 suppression by a TRAF6-specific siRNA resulted in contradictory consequences on cellular processes in normal and OSCC cells. Notably, TRAF6 downregulation by both miR-146a-5p and TRAF6-specific siRNA deactivated JNK in SCC-9, but not in normal human keratinocytes. In support of the proliferation-promoting effect of miR-146a-5p, silencing of endogenous miR-146a-5p significantly reduced proliferation of SCC-9. Together, these results suggest that miR-146a-5p affects proliferation and apoptosis in a cellular context-dependent manner and selectively disarms the TRAF6-mediated branch of the TGF-β signaling in OSCC cell lines by sparing Smad4 involvement.
Introduction
MicroRNAs (miRNAs) are small non-coding RNAs implicated in post-transcriptional suppression of target genes in a sequence-specific manner by suppressing mRNA translation and, less frequently, causing degradation of the target mRNA (1) . They have been implicated in the regulation of as many as 30% of the human cell mRNAs, with fundamental roles in cell proliferation, differentiation and apoptosis. A single miRNA molecule has the capacity to target a wide range of different mRNAs, some of which may have opposing oncogenic or tumor-suppressive functions, depending on the context (2) . Furthermore, the growth and spread of a cancer is both the combinations of a function of the cancer cells themselves and various extrinsic factors, which interact with the cancer cells, affecting their behavior. miRNAs influence largely on each of the extrinsic factors such as the immune system, tumor stromal cells, therapy and oncoviruses (2) .
Several studies implicate miR-146a as pleiotropic regulator of carcinogenesis, as polymorphism and altered expression have been linked with cancer risk and invasive and metastatic capacity in diverse cancers (3); however, its roles in carcinogenesis are not fully understood. miR-146a-5p has been reported to be overexpressed in squamous cell carcinoma (SCC) of the head and neck, cervix and lung (4) (5) (6) , and is implicated in oncogenicity of oral squamous cell carcinoma (OSCC) (7) . In vitro studies indicate that transfection of miR-l46a precursor results in cell proliferation (5) ; additionally, transient transfection of a miRNA-146a mimic into human bronchial epithelial cells can protect the cells from apoptosis in response to the combination of inflammatory cytokines and transforming growth factor-β1 (TGF-β1). However, it is suppressive in many other malignancies, including breast, gastric, prostatic and pancreatic carcinomas (8) (9) (10) (11) . In fact, miR-146a seems to play multiple roles in the regulation of different phenotypes by targeting a wide range of different genes in various cellular contexts, leading to the controversy to its contribution in cancer. Emerging evidence suggests that there is a direct link between miRNAs and cancer (12) , as well as, inflammation (13, 14) . Chronic inflammation and the activation of nuclear factor kappa B (NF-κB) are known to be associated with development of multiple cancers (15) , while inflammatory cytokines are potent stimulants of miR-146a through NF-κB pathway (16, 17) . Specifically, several studies report that various miRNAs, including hsa-miR-20a, hsa-miR-142-3p, hsa-miR-19a, hsa-let-7f, hsa-miR-203, hsa-miR-17, hsa-miR-223, hsa-miR-146b and hsa-miR-146a, are highly expressed in patients with periodontitis (18) (19) (20) . Furthermore, through regulation of interleukin-6 (IL-6)/signal transducer and activator of transcription 3 (STAT3) signaling, miR-146a may link the chronic inflammation and cancer (21) .
Notably, miR-146a-5p has been shown to target Smad4 (22) and tumor necrosis factor receptor-associated factor 6 (TRAF6) (23) , which both serve as significant mediators in the TGF-β pathway. TGF-β regulates a wide array of cellular processes such as cell growth, differentiation, apoptosis, migration and extracellular matrix production (24) . It is a potent antitumor cytokine because of its property as a strong inhibitor for the growth of epithelial cells. TGF-β utilizes multiple different signaling pathways in addition to the canonical Smad pathway (25) . These non-canonical pathways include mitogenactivated protein kinase (MAPK) pathways, downstream of TRAF6. TGF-β receptors interact with TRAF6 and induce the formation of K63-linked poly-ubiquitin chains on TRAF6, recruiting TGF-β-activated kinase 1 (TAK1) to activate Jun N-terminal kinase (JNK) and p38 MAPK (p38) (26, 27) . Signal integration between JNK and p38 determines cell type-specific and context-dependent proliferation, survival and differentiation of human tumors and cancer cell lines (28) .
TRAF6 plays important roles in the transcription and expression of numerous inflammation-and apoptosis-related genes (29) . TRAF6 is known to promote apoptosis by activation of caspase-8 (30) , similarly to the action of Fas associated death domain (FADD) on stimulation by Fas (31) . Compellingly, FADD is also a target gene suppressed by miR-146a-5p and the suppression is related to resistance against activation-induced cell death (32) . The third domain of FADD contains the phosphorylation site at Ser194 residue partly contributing to the activities of FADD in humans (33) , and phosphorylated FADD is translocated into the nucleus to perform apoptosis unrelated functions (34) .
In the present study, we demonstrated that miR-146a-5p, which is frequently upregulated in OSCC cell lines and in blood and saliva of OSCC patients compared with normal counterparts, showed pleiotropic effects on proliferation and apoptosis of OSCC cell lines. This was partially based on the contextual responses of JNK, downstream of TRAF6 that was suppressed by miR-146a-5p in SCC cell lines. Our data suggest that miR-146a-5p affects cellular processes in a cellular context-dependent manner, and potentiates proliferation of OSCC cell lines.
Materials and methods

Cultures of primary human cells and OSCC cell lines.
Primary normal human oral keratinocytes (NHOKs) were prepared and maintained as previously reported (35) . Briefly, NHOKs were isolated from human gingival tissue specimens obtained from healthy volunteers (age range, 20-30 years) who were undergoing oral surgery. NHOKs were cultured in keratinocyte growth medium containing 0.15 mM calcium and a supplementary growth factor bullet kit (KGM; Clonetics, San Diego, CA, USA). Keratinocytes in their second passage were used in the described experiments. Primary normal human dermal fibroblasts (NHDFs) were prepared and maintained as previously described (36) . The HOK-16B line, human oral keratinocytes immortalized by transfecting cells with the cloned HPV-16 genome (37) , was also cultured in KGM. The cancer cell lines SCC-4, SCC-9, FaDu and SiHa were purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA). SCC-4 and SCC-9 cell lines were cultured in Dulbecco's modified minimum essential medium (DMEM)/Ham's F12 (Gibco-BRL, Bethesda, MD, USA) supplemented with 10% fetal bovine serum (FBS) and 0.4 µg/ml hydrocortisone. Among three oral cancer cell lines, CTHOK-16B-BaP and CTHOK-16B-DMBA, which were tumorigenically transformed by chronic exposure of the HOK-16B cells to benzo(a)pyrene and 7,12-dimethylbenz(a) anthracene, respectively (38) , and Spt-HOK80, which was spontaneously transformed from primary human oral keratinocytes (39) were cultured in DMEM supplemented with 10% FBS and 0.4 µg/ml hydrocortisone. Cell lines such as CTHOK-16B-DMBA and Spt-HOK80 were established by our group in 1995 and 2010, respectively (38, 39) . HOK-16B-BaP cell line, the original name of which is CTHOK-16B-BaP, was first reported by our group in 1995 (38) . Other oral cancer cell lines KOSCC-11, KOSCC-25A, KOSCC-25B, KOSCC-25C, KOSCC-25D, KOSCC-25E, KOSCC-33A and KOSCC-33B (40) were also cultured in DMEM supplemented with 10% FBS and 0.4 µg/ml hydrocortisone. The SiHa line was grown in DMEM supplemented with 10% FBS, while the FaDu line was grown in DMEM supplemented with 10% FBS and 0.4 µg/ml hydrocortisone.
Blood, saliva and OSCC tissue samples. The whole blood, whole saliva and OSCC tissue samples used in this study were obtained from OSCC patients who underwent surgical resection at the Department of Oral and Maxillofacial Surgery, Seoul National University Dental Hospital, and healthy controls who did not have signs or symptoms of inflammation of the gingival tissues and systemic diseases. In the present study, the oral hygiene of oral cancer patients was not taken into consideration. This was because OSCC patients with poor oral hygiene followed by chronic inflammation, including periodontitis, have high incidence of oral cancer clinically, making it difficult to exclude patients with inflammation. All procedures for obtaining human gingival tissue specimens, whole blood, whole saliva and cancer specimens were reviewed and approved by the Institutional Review Board on Human Subjects Research and the Ethics Committee at Seoul National University Dental Hospital.
RNA isolation in the whole blood, saliva and cells. Four hundred microliters of the whole saliva were used for RNA isolation. Saliva samples were extracted using the mirVana™ miRNA Isolation kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. For the initial lysis step, we used 1 ml of lysis/binding solution per 400 µl saliva sample. Total RNAs including small RNAs were isolated in whole blood and cells by miRNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. miRNA microarray. Cyanine 3-labeled complementary RNA was prepared from total RNA including miRNA (500 ng) using Agilent's Low RNA Input Linear Amplification kit (Agilent Technologies, Santa Clara, CA, USA). Labeled cRNA was applied to microarray (Human miRNA Microarray Release 19.0, 8x60K; Agilent Technologies) using Agilent's Gene Expression Hybridization kit. Hybridized microarray was washed using Agilent's Gene Expression Wash Buffer kit. The microarray chip was scanned using Agilent's DNA microarray scanner, and the raw signal density was acquired from Feature Extraction software. The differential gene expression was classified by Benjamini-Hochberg's false discovery ratio method using GeneSpring GX12 software.
TaqMan miRNA assay. Complementary DNAs (cDNAs) were synthesized from total RNA including miRNA using TaqMan ® MicroRNA reverse transcription kit with genespecific primers (Applied Biosystems, Foster City, CA, USA). Reverse transcription reactions (for final quantity or concentrations) contained 10 ng RNA samples, 1 mM of dNTPs, 1X RT primer, 1X RT buffer, 3.8 U of RNase inhibitor and 50 U of reverse transcriptase. The 15 µl reactions were incubated for 30 min at 16˚C, 30 min at 42˚C, 5 min at 85˚C and then held at 4˚C. Quantitative real-time PCR (RT-qPCR) quantification of miRNA expression was carried out using TaqMan ® MicroRNA assays kit (Applied Biosystems) according to the manufacturer's instructions. The primers used were: miR-146a-5p (ID, 000468) and RNU44 (ID, 001094) (Applied Biosystems). The 20 µl PCR included 1.33 µl RT product, 1X TaqMan ® Universal Master Mix II without UNG, and 1X TaqMan-primers mix (Applied Biosystems). Reactions were incubated in a 96-well plate at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The threshold cycle (Ct) was determined using default threshold settings. All experiments were done in quadruples. The RNU44 was used as a control to normalize miRNA input in the RT-qPCR assay.
Determination of HPV infection. The presence of 'high-risk' HPV (type 16, 18 and 33) DNA was determined by reverse transcription polymerase chain reaction (RT-PCR). Total RNA was reverse transcribed to cDNA, which was used for PCR amplification of HPV E5 and E6 (38 cycles) and GAPDH (28 cycles; denaturation at 95˚C for 20 sec, annealing at 60˚C for 10 sec and extension at 70˚C for 10 sec). The primers (Table I) amplified the E5 and E6 genes of the three types of HPV. The PCR products were resolved on a 1.5% agarose gel, stained with ethidium bromide and visualized using a UV illuminator.
Transfection. A non-specific control siRNA (Invitrogen, Carlsbad, CA, USA) and siRNAs against human TRAF6 (40 nM; Sigma-Aldrich, St. Louis, MO, USA) and FADD (40 nM; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used for gene silencing. To regulate miR-146a-5p expression in cells, specific miRVana mimic, inhibitor (Ambion) and Table I . Primers for E5 and E6 genes of the three types of HPV used to assess HPV infection in RT-PCR amplification.
Gene name (NCBI ID) each respective negative control (Thermo Fisher Scientific, Waltham, MA, USA; Applied Biosystems) were transfected using Lipofectamine RNAiMAX transfection reagent (Invitrogen). Cells were plated into 6-well plates at a density of 3x10 5 cells/well, cultured overnight, and then transfected with 20 nM hsa-miR-146a-5p mimic or 20 nM hsa-miR-146a-5p inhibitor using 8 µl of Lipofectamine RNAiMAX transfection reagent. After 2 days, the transfected cells were harvested and analyzed by cell viability assay, TUNEL assay and immunoblotting.
Cell viability assay. The viabilities of cells were investigated using the EZ-Cytox Cell Viability Assay kit (water-soluble tetrazolium salt method; Daeil Lab Service Co., Ltd., Seoul, Korea). Cells (3x10 3 cells/100 µl) were seeded onto a 96-well microplate, adapted overnight and then transfected with hsa-miR-146a-5p mimic or anti-miR hsa-miR-146a-5p inhibitor for 48 h at 37˚C. The water-soluble tetrazolium salt reagent solution (10 µl) was added to each well, and the plate was incubated for 2 h at 37˚C. The absorbance at 450 nm was then measured using a microplate reader. 
Upregulated miRNAs Downregulated miRNAs
Statistical analyses. Comparison of the distribution of -ΔCT values between groups were analyzed by the language R (41), and ROC curves were obtained with the package ROCR (42) . All other data are presented as the mean ± SD. The statistical analyses of data were performed using the Statistica 6.0 software package (StatSoft, Tulsa, OK, USA). Results were compared using analysis of variance tests. When significant differences were found, pairwise comparisons were performed using Scheffe's adjustment. Statistical significance was also calculated using a two-tailed Student's t-test. Differences with a P<0.05 were considered statistically significant.
Results
miR-146a-5p is highly expressed in OSCC.
To explore possible miRNAs involved in the transformation of normal oral keratinocytes, we analyzed the difference in miRNA expression between NHOKs and HPV-16-immortalized human oral keratinocytes, HOK-16B, by miRNA microarray with cut-off values of 2-fold increase or decrease. Twenty-three miRNAs were upregulated while 46 miRNAs were downregulated in immortalized human oral keratinocytes compared to NHOKs (Table II) . Microarray also revealed miR-3934-5p, miR-365b-5p, miR-146a-5p and miR-3138 being most abun-dant in immortalized human oral keratinocytes (Table II) . On the basis of this, we hypothesized that miR-146a-5p expression is overexpressed in OSCCs and may underlie OSCC initiation and progression. Furthermore, the miR-146a-5p and its target genes were of interest, because miR-146a-5p regulates signal transduction of TGF-β, a potent antitumor cytokine, by repressing Smad4 in human cancer (43) and its biological function in carcinogenesis is not fully understood. To test our hypothesis, we first examined miR-146a-5p expression in 13 OSCC cell lines and other 2 SCC cell lines, and in matched 20 pairs of OSCC and normal tissues, 30 whole blood and 21 saliva samples from pre-operative OSCC patients and 10 healthy controls by a TaqMan miRNA assay. miR-146a-5p expression was significantly upregulated in all 13 OSCC cell lines examined compared to the normal oral keratinocytes; however, its expression in other 2 SCC cell lines established from pharynx and cervix carcinomas was extremely lower (~10%) than that observed in NHOKs (Fig. 1A) . Analysis of matched OSCC-normal tissue pairs demonstrated an increase in miR-146a-5p expression in 65% (13/20) of the OSCCs compared to the matched normal tissues (Fig. 1B) . Blood miR-146a-5p levels were significantly higher in OSCC patients compared to the healthy controls with mean -ΔCT values of 2.2300363 and 0.1399096, respectively (P=0.0007967) (Fig. 1C) . Similarly, miR-146a-5p levels in saliva were significantly abundant in OSCC patients compared to the healthy controls with mean -ΔCT values of 0.7711158 and -2.7807178, respectively (P=0.00007308) ( Fig. 1D ). However, among the 18 OSCC patients whose whole blood and saliva were collected, each miR-146a-5p level in blood and saliva showed minimal evidence of a true correlation when tested by the Pearson method (correlation coefficient =-0.08920913, P= 0.7248). To evaluate the diagnostic significance of miR-146a-5p in determining OSCC status, receiver operating characteristic (ROC) curves were obtained for each blood and saliva sample sets, and the area under the curves (AUC) was 0.8033333 and 0.9004329, respectively (Fig. 1C and D) .
Collectively, these data demonstrate that miR-146a-5p is highly upregulated in immortalized human oral keratinocytes and OSCC cell lines, and that miR-146a-5p levels in OSCC tissues, whole blood and whole saliva significantly increase in OSCC patients compared with healthy controls.
miR-146a-5p expression is not associated with HPV E5 in SCC cell lines.
Because HPV-16 E5 oncogene is reported to modulate the expression of miR-146a-5p (44), we examined whether miR-146a-5p expression is correlated with HPV E5 expression in OSCC and SCC cell lines. We first examined whether cancer cell lines expressed 'high-risk' HPV E5 and E6 transcripts (type 16, 18 and 33) and compared to their cellular miR-146a-5p levels. HPV-16 E5 and E6 transcripts were detected in HOK-16, CTHOK-16B-BaP, CTHOK-16B-DMBA and SiHa cell lines (Fig. 1E ). Other 12 OSCC or SCC cell lines, however, proved to be free of HPV DNA (data not shown).
The miR-146a-5p expression was significantly upregulated in HOK-16B, CTHOK-16B-BaP and CTHOK-16B-DMBA, which expressed HPV-16 E5; however, its expression in SiHa, which expressed HPV-16 E5, was extremely lower (~10%) than that observed in NHOKs (Fig. 1A) . Unexpectedly, our data support that miR-146a-5p expression is not necessarily correlated with HPV-16 E5 expression in human cancer cell lines.
miR-146a-5p variously affects cell proliferation and apoptosis in normal and SCC cells.
In view of the observed widespread upregulation of miR-146a-5p expression in OSCC cell lines and OSCC clinical specimens, we assessed whether miR-146a-5p upregulation has associated proliferation potential in NHOKs, SCC-9, HEK293 and NHDFs. Compared to that in negative control-transfected cells, the proliferation of NHOKs and SCC-9 was significantly enhanced by introduction of exogenous miR-146a-5p ( Fig. 2A) , which was verified by a TaqMan miRNA assay (data not shown). Additionally, NHDFs responded with small but significant increase in cell proliferation. Distinctively, exogenous miR-146a-5p expression inhibited the proliferation of HEK293 cell line ( Fig. 2A) . Furthermore, we determined whether high miR-146a-5p expression is associated with apoptosis in NHOKs and SCC-9 using TUNEL assay. Exogenous miR-146a-5p expression caused inhibition of apoptosis in NHOKs, while it increased apoptosis in SCC-9 (Fig. 2B) . Collectively, overexpression of miR-146a-5p by transfection of cells with miR-146a-5p mimic resulted in diverse effects on proliferation and apoptosis depending on the cell types.
miR-146a-5p targets TRAF6 but not Smad4 or FADD in normal and SCC cells.
To elucidate the underlying mechanisms associated with the different outcomes of miR-146a-5p on proliferation and apoptosis in different cell types, we examined the protein levels of several known miR-146a-5p target genes, such as TRAF6, SMAD4 and FADD and their downstream signaling molecules by immunoblotting. After transfection of cells with miR-146a-5p mimic, TRAF6 expression was invariably downregulated in all cell types tested; however, Smad4 expression remained constant in NHOKs and SCC-9, while it decreased in HEK293 and NHDFs (Fig. 2C) . FADD expression was slightly downregulated only in HEK293 cells (Fig. 2C) . Notably, exogenous miR-146a-5p expression downregulated phosphorylated FADD at Ser194 (p-FADD-Ser194) in NHOKs and HEK293 cells but not in SCC-9 and NHDFs (Fig. 2C ). JNK and p38 are MAPKs at the downstream of TRAF6 in TGF-β signaling that are both activated by phosphorylation (27) . Exogenous miR-146a-5p expression deactivated JNK in SCC-9, but had no discernable effects in NHOKs, HEK293 and NHDFs (Fig. 2C) . Similarly, exogenous miR-146a-5p expression also deactivated p38 in SCC-9. These data suggest that miR-146a-5p hampers translation of its target genes in a cell type-specific fashion.
miR-146a-5p confers proliferation advantage to SCC-9.
In the opposite approach, we suppressed endogenous miR-146a-5p expression in SCC-9 followed by functional assays. Suppression (~46%) of endogenous miR-146a-5p expression (Fig. 3A) by transfection of cells with miR-146a-5p inhibitor significantly inhibited cell proliferation compared to the negative control-transfected cells (Fig. 3B ). SCC-9 rather than SCC-4 was selected for the further studies to clearly elucidate the effects of miR-146a-5p on cellular processes of OSCC cell lines in this study. It is important to finely control the expression levels of miR-146a-5p in the cell lines by its mimic or inhibitor. Since the basal miR-146a-5p expression level in SCC-4 was too high (Fig. 1A) , 54% reduction of its expression by the miR-146a-5p inhibitor, as shown in Fig. 3A , seemed still high, making it ambiguous to clarify its reduced function. On the other hand, SCC-9 had relatively lower, but significantly higher expression level of miR-146a-5p compared to normal oral keratinocytes (Fig. 1A) , making it more effective to examine the clear effect of the miR-146a-5p mimic or inhibitor transfection. Next, to assess the underlying mechanisms of miR-146a-5p inhibitor-induced inhibition of cell proliferation, we examined the protein level of TRAF6, one of the miR-146a-5p target genes. miR-146a-5p inhibitor induced upregulation of TRAF6 (Fig. 3C ). Our data suggest that miR-146a-5p inhibitor inhibits proliferation of SCC-9 by modulating the expression level of TRAF6.
TRAF6 silencing induces deactivation of JNK and p38 in SCC-9 but not in NHOKs. To assess the functional significance of the universal effect of exogenous miR-146a-5p expression, which led to TRAF6 downregulation, we silenced endogenous TRAF6 expression in exponentially proliferating NHOKs and SCC-9 by transfecting the cells with a specific small interfering RNA (siRNA). TRAF6 knockdown (Fig. 4A, upper panel) led to significantly increased cell proliferation (Fig. 4A, lower panel) and inhibited apoptosis of NHOKs (Fig. 4B) , mimicking the effects of exogenous miR-146a-5p expression ( Fig. 2A and B) . By contrast, TRAF6 knockdown significantly decreased cell proliferation (Fig. 4D ) and increased apoptosis (Fig. 4E ) of SCC-9. Immunoblotting revealed that TRAF6 knockdown resulted in marked deactivation of JNK and p38 in SCC-9 (Fig. 4F) , giving very similar results to those of the exogenous miR-146a-5p expression ( Fig. 2C ). However, TRAF6 knockdown did not affect the phosphorylation of JNK and p38 but decreased the amount of p-FADD-Ser194 in NHOKs (Fig. 4C ). Overall, our data suggest two points; first, TRAF6 knockdown can be either proliferative or inhibitory in terms of cell proliferation depending on the cellular context, and second, the TRAF6-JNK and TRAF6-p38 channels can be constitutively active in SCC-9.
JNK plays a crucial role in the proliferation of NHOKs and SCC-9. The phenotypically contradictory results of TRAF6 silencing imply antagonistic effectors downstream of TRAF6 signaling. Since JNK and p38 are activated by TRAF6 in certain circumstances, we defined their roles using specific kinase inhibitors targeting each of them. Treatment of NHOKs with SP600125, a JNK specific inhibitor, significantly reduced cell proliferation (Fig. 5A ) and increased apoptosis (Fig. 5B ) in a dose-dependent manner, as well as reduced proliferation of SCC-9, similarly (Fig. 5C ). Immunoblotting revealed that SP600125 inhibited phosphorylation of JNK and its substrate c-Jun in a dose-dependent manner; compellingly, p-FADD-Ser194 was also reduced in SCC-9 (Fig. 5D ). By contrast, SB203580, a p38 inhibitor, resulted in an insignificant reduction of proliferation of NHOKs ( Fig. 5E ) but reduced proliferation of SCC-9 ( Fig. 5F ). Unexpectedly, reduction of phosphorylated p38 was marginal, and an unanticipated upregulation of JNK and phosphorylated JNK was observed in SCC-9 by immunoblotting. JNK activation by SB203580 also increased phosphorylated c-Jun (Fig. 5G) . Similarly, TGF-β1 activated JNK and c-Jun, but not p38 in exponentially proliferating NHOKs (Fig. 5H) . These likely secondary effects could have dampened the effects of p38 suppression on cell proliferation. Nevertheless, these data suggest that JNK/c-Jun signaling pathway plays a key role in regulation of proliferation of SCC-9.
FADD and p-FADD are not involved in the proliferation of NHOKs and SCC-9. Since exogenous miR-146a-5p expression reduced the expression of p-FADD-Ser194 in NHOKs and HEK293 (Fig. 2C) , we opted to investigate the functional relevance of p-FADD-Ser194 in cell proliferation. Proliferation was drastically inhibited by treatment of NHOKs and SCC-9 with NSC 47147 (Fig. 6A, lower panel) , a kinase inhibitor that is known to inhibit FADD phosphorylation (45) . Notably, expression of both FADD and p-FADD was suppressed (Fig. 6A,  upper panel) . Thus, to confirm the effects of simultaneous downregulation of both FADD and p-FADD-Ser194 expression, we suppressed their expression by transfection of cells with a FADD-specific siRNA. Unexpectedly, simultaneous silencing of both FADD and p-FADD-Ser194 (Fig. 6B , upper panel) did not result in cell proliferation blockage of NHOKs and SCC-9 ( Fig. 6B, lower panel) . Therefore, to verify these conflicting results, cells transfected with a FADD-specific siRNA were subsequently treated with NSC 47147. NSC 47147 was able to reduce cell proliferation in the absence of FADD and p-FADD-Ser194 expression, and the inhibition pattern of cell proliferation was strikingly similar to that of control siRNA-transfected cells (Fig. 6C ). Immunoblotting revealed that NSC 47147 not only inhibited phosphorylation of FADD, but also inhibited phosphorylation of JNK and p38, suggesting a broad inhibition of MAPK pathway (Fig. 6D ). Overall, our data suggest that FADD and p-FADD-Ser194 expression has a minimal effect on the proliferation of NHOKs and SCC-9.
Discussion
Overexpression of miR-146a-5p has been previously identified in OSCC tissues (7, 46) , blood of OSCC patients (7) , and oral precancerous lesions (46) . In the present study, we widened the view with salivary abundance of the miR-146a-5p. The miR-146a-5p in saliva seemed not to originate from blood, which was suggested by the poor correlation of -∆CT values in matched samples. The tumor could contribute to miR-146a-5p levels in blood and saliva, respectively, by direct shedding of the miRNA. Both levels of miR-146a-5p in blood and saliva of OSCC patients proved themselves to be a possible candidate as a diagnostic marker of OSCC (47, 48) . However, clinical application of miR-146a-5p as a diagnostic marker requires further validation, because disease status other than OSCC, such as oral lichen planus and psoriasis, may also have high levels of miR-146a-5p in their blood or saliva (49) . miR-146a-5p was highly upregulated in immortalized human oral keratinocytes and all the OSCC cell lines examined, but not in other SCC cell lines. Although upregulation of miR-146 in cervial carcinomas is previously reported (5), its expression was almost negligible in SiHa cell line established from cervical carcinoma. This is supported by the fact that all seven cervical cancer cell lines examined expressed no detectable miR-146a (5) . In addition, differently from a previous study (44) , we found that miR-146a-5p expression is not necessarily correlated with 'high-risk' HPV E5 expression in human cancer cell lines. These findings partially explain the discrepancy between low incidence of HPV and overexpression of miR-146a-5p in OSCC. Otherwise, contributing factors of miR-146a-5p upregulation possibly includes cytokines that activate NF-κB. TGF-β upregulated miR-146a-5p expression in NHOKs (50) , which may also contribute to the overexpression of the miRNA in OSCC. Other possible candidates include tumor necrosis factor and IL-1. Thus, overexpression of miR-146a-5p in OSCC cell lines may reflect the constitutive activation of NF-κB in these cells.
Despite of its wide involvement in cell biology and increasing research, miRNAs are getting more and more thrown into disarray owing to their functionally complicated nature. miR-146a/b has been previously reported to be linked with cancer risk and invasive and metastatic capacity in diverse cancers (3); however, its roles in carcinogenesis are not fully understood yet. In the present study, we demonstrated two additional layers of complexity that require attention to apprehend the significance of the miRNA. The first layer of miRNA complexity comprised of cell type-and/or contextdependent miRNA target selection, which resulted in sparing of a certain target while suppressing another universally. For instance, the range of target mRNAs of a single miRNA such as miR-146a-5p differed by cell type. The gold standard for miRNA functionality is verification of the protein expression pattern of target mRNAs. Indeed, our data demonstrated that a validated miRNA target in a specific cell type can dodge from the miRNA-mediated post-transcriptional suppression in another cell type. This evasion from post-transcriptional suppression by miRNA could impart variable contexts that phenomenalize the effects of a miRNA to the cells expressing it.
Specifically, for human oral keratinocytes, miR-146a-5p spared Smad4 from post-transcriptional suppression. Smad4 plays a crucial role in the canonical TGF-β signaling pathway and is implicated in epithelial-mesenchymal transition by TGF-β (51). A considerable body of evidence indicates that Smad4 is a valid target gene of miR-146a-5p (22, 43) ; however, exogenous miR-146a-5p expression did not affect the expression levels of Smad4 in NHOKs and SCC cell lines. This observation suggests that miR-146a-5p selectively disarms the non-canonical, TRAF6-mediated branch of the TGF-β signaling in human oral keratinocytes. One theoretical consequence of sparing Smad4 involvement in human oral keratinocytes is that the discriminative downregulation by miR-146a-5p may selectively confer resistance against cytostatic and pro-apoptotic effect of TGF-β signaling, while preserving other arms of the pathway, possibly the epithelialmesenchymal transition inducing arm, to the cells. Future studies need to address this possibility to clarify the significance of miR-146a-5p upregulation on metastasis.
The second layer of miRNA complexity arose from the functional pleiotropism of a miRNA target gene, which in this study was exemplified by TRAF6. TRAF6 was a universal target of miR-146a-5p in all cells and cell lines tested; however, TRAF6 suppression by a TRAF6-specific siRNA resulted in contradictory functional consequences in NHOKs and SCC-9. There seemed to be conflicting downstream signals under the common signal transducer TRAF6, which comprised of a proliferative signal exemplified by JNK in SCC-9 and an anti-proliferative signal that suppress the expression of Bcl-2 in NHOKs. Our results from TRAF6-specific siRNA experiments showed that the JNK arm is dependent on TRAF6 in SCC-9 but not in NHOKs. Namely, TRAF6 downregulation by both miR-146a-5p and TRAF6-specific siRNA deactivated JNK in SCC-9 but not in NHOKs. Nevertheless, the causative signaling that constitutively activates TRAF6-mediated JNK activity is currently undefined. One of the possible candidates seems to be TGF-β signaling, because TRAF6 suppression is implicated in the abrogation of TGF-β signaling by miR-146a-5p (50) . TGF-β signaling encompasses the MAPK pathway, which starts from the interaction between TRAF6 and TAK1 and results in JNK activation (26, 27) . As expected, we observed that TGF-β1 activated JNK and its substrate c-Jun in exponentially proliferating NHOKs.
FADD expression was not affected by miR-146a-5p in all cells and cell lines tested. This represented additional support to the functional diversity of the miR-146a-5p, because FADD expression was repressed by the miRNA in HEK293. Since miR-146a-5p reduced the proportion of p-FADD in several cells, we tested the function of FADD and p-FADD in proliferation of NHOKs and SCC-9. We showed that suppression of both FADD and p-FADD by combined treatment of FADD-specific siRNA and NSC 47147 was not implicated in proliferation control, at least in steady state of NHOKs and SCC-9. Rather, the anti-proliferative effect of NSC 47147 was associated with inactivation of JNK, which further support the crucial role of the kinase in proliferation of NHOKs and SCC-9. Further studies are required to verify the role of periodontitis in miR-146a-5p expression in oral cancer patients, and to investigate the role of miR-146a-5p in oral cancer using in vivo animal models.
In summary, our findings showed that miR-146a-5p was upregulated in OSCC and granted proliferative advantage to normal oral keratinocytes and OSCC cell lines in a contextdependent manner. Our data also suggested that miR-146a-5p selectively disarmed the TRAF6-mediated branch of the TGF-β signaling in OSCC cell lines by sparing Smad4 involvement.
